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p21WAF1/CIP1 Inhibits Cell Cycle Progression but Not G2/M-Phase
Transition Following Methylmercury Exposure. Mendoza, M. A. C.,
Ponce, R. A., Ou, Y. C., and Faustman, E. M. (2002). Toxicol. Appl.
Pharmacol. 178,117–125.

Methylmercury (MeHg) is an environmentally prevalent organo-
metal that is particularly toxic to the developing central nervous
system (CNS). Prenatal MeHg exposure is associated with reduced
brain size and weight and a reduced number of neurons, which have
been associated with impaired cell proliferation. We evaluate the role
of p21, a cell cycle protein involved in the G1- and G2-phase check-
point control, in the cell cycle inhibition induced by MeHg. Primary
mouse embryonic fibroblasts (MEFs) of different p21 genotypes
(wild-type, heterozygous, and null) were isolated at day 14 of gesta-
tion and treated at passages 4–6 with either 0, 2, 4, or 6 mM MeHg
or 50 nM colchicine for 24 h. Changes in cell cycle distribution after
continuous toxicant treatment were analyzed by DNA content-based
flow cytometry using DAPI. MeHg induced an increase in the pro-
portion of cells in G2/M at 2 and 4 mM MeHg (p < 0.05) irrespective
of p21 genotype. Effects of MeHg on cell cycle progression were
subsequently evaluated using BrdU–Hoechst flow cytometric analy-
sis. Inhibition of cell cycle progression was observed in all p21 geno-
types after continuous exposure to MeHg for 24 and 48 h. p21 null
(2/2) cells reached the second-round G1 at a higher fraction com-
pared to the wild type (1/1) and heterozygous (1/2) cells (p < 0.05).
These data support previous observations that MeHg inhibits cell
cycle progression through delayed G2/M transition. Whereas the
G2/M accumulation induced by MeHg was independent of p21 status,
a greater proportion of p21(2/2) cells were able to complete one
round of cell division in the presence of MeHg compared to p21(1/2)
or p21(1/1) cells. These data suggest a role for p21 in retarding cell
cycle progression, but not mitotic inhibition, following exposure to
MeHg. © 2002 Elsevier Science (USA)
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Public health concern about exposures to environm
mercury has been heightened by the recognized toxicity
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Environmental Health, 4225 Roosevelt Way NE, Suite 100, Universi
Washington, Seattle, WA 98105. Fax: (206) 685-4696; E-m
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organic form, methylmercury (MeHg)2. Epidemiological stud
ies of outbreaks in Japan and Iraq and toxicological studi
rodents, nonhuman primates, and other species, have
MeHg exposure to central nervous system (CNS) toxi
Pathological examination of MeHg-exposed brains reve
localized lesions in adults as opposed to a diffuse patte
injury following prenatal exposure (Takeuchi, 1968). Cha
teristic neuropathological findings following prenatal Me
exposure include reduced cell number, disorganization o
cortical cytoarchitecture, hypoplasia of the granular layer in
cerebellum, and reduction in brain weight in both humans
experimentally exposed animals (Choi, 1986, 1989; Choiet al.,
1978; Etoet al., 1992; Geelenet al., 1990; Matsumotoet al.,
1965; Mottet, 1989; Takeuchi, 1977). Concentration and d
tion of exposure may not be sufficient to explain the sensit
of the developing nervous system to MeHg toxicity, as mot
of affected fetuses may be asymptomatic (Harada, 1977,
Marsh et al., 1980; Takeuchi, 1977). Normal CNS devel
ment involves synchronization between cell proliferation,
gration, differentiation, and selective loss in order to form
ordered connections characterizing the mature CNS (He
kowitz, 1988). Disturbance of the timing of molecular sign
ing or effects on specific molecules involved in regulating
behavior may be ways by which environmental insults pe
normal CNS development, and these effects may explain
the relative sensitivity of the fetus to MeHg toxicity and
neuropathological differences between the fetal and
forms of Minamata disease (Levittet al., 1998; Rodieret al.,
1996). These observations support the possibility that th
crocephaly and reduced cell number observed following
natal MeHg exposure result from alterations in cell c
regulatory processes.

Several investigators have found reduced numbers of ce

of
f

l:

2 Abbreviations used: BrdU, 5-bromo-29-deoxyuridine; CDK, cyclin-de
pendent kinase; CNS, central nervous system; DAPI, 4,6-diamidino-2
nylindole; EB, ethidium bromide; G1, gap 1 phase of cell cycle; G2, gap 2
phase of cell cycle; LDH, lactate dehydrogenase; M, mitosis; MEFs: m
embryonic fibroblasts; MeHg, methylmercury; PCNA, proliferating cell
clear antigen; S, DNA synthesis phase of cell cycle.
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118 MENDOZA ET AL.
the cerebellum of rodents exposed to MeHgin utero without
observed necrosis or alteration in protein synthesis. T
findings suggest that the observed reduction in cell numb
due to decreased cell production rather than cell loss (Ho
and Mottet, 1986; Mottet, 1989; Sageret al., 1984). Cell cycle
inhibition, particularly in G2/M, has been observed in MeH
exposed cellsin vitro (Ponceet al., 1994; Vogelet al., 1986)
consistent with an increase in mitotic figures observe
gestationally exposed animals (Rodieret al., 1984). We hav
previously observed p21WAF1/CIP1 induction after MeHg trea-
ment of primary fetal rat CNS cells (Ouet al., 1999) unde
conditions leading to cell cycle inhibition (Ponceet al., 1994)
The mechanisms underlying altered cell cycling induced
MeHg remain incompletely understood.

The cell cycle is regulated by a number of proteins, inclu
the cyclin-dependent kinase inhibitor p21WAF1/CIP1. p21WAF1/CIP1 is a
component of the G1 checkpoint (Brugarolaset al., 1999; Cox
1997; Cox and Lane, 1995) and may regulate G2 to M phase
transition (Bunzet al., 1998; Niculescuet al., 1998; Rigberget al.,
1999). p21WAF1/CIP1 inhibits cell cycle progression by binding
regulatory complexes, including cyclin E- cyclin-depend
kinase (CDK)2, which controls G1 to S phase transition (Stew
et al., 1999), cyclin B1-cdc2, which regulates progression f
G2 into mitosis (Barbouleet al., 1999; Dulicet al., 1998), and
PCNA, which results in both G1 and G2 arrest (Cayrolet al.,
1998). In the present study, we examined the effects of M
exposure on the cellular proliferation of primary embryonic fi
blasts of different p21 genotypes: wild-type (1/1), heterozygou
(1/2), and null (2/2).

METHODS

Cell culture. The p21 transgenic mice backcrossed to the NIH s
(white) from the 1293 black Swiss hybrids originally bred by Dr. Phil Led
(Harvard Medical School, Boston, MA) were generously provided by
Matthew Fero and Dr. Chris Kemp (Fred Hutchinson Cancer Research C
Seattle, WA). Primary embryonic fibroblasts were prepared accordi
Robertsonet al. (1987) with some modifications. Briefly, gravid uteri w
removed from pregnant mice 14 days after a successful heterozygote
The embryos were isolated and washed separately several times in
Balanced Salt Solution (Gibco BRL, Grand Island, NY). Fibroblasts
obtained from the torso and limbs. Tail DNA was used for genotypin
polymerase chain reaction using primers specific for the p21 wild-type
and the mutated allele containing aneocassette insert, which deletes exon
the p21WAF1/CIP1 gene (Denget al., 1995). Tissue dissociation was perform
using 0.25% (w/v) trypsin (DIFCO, Detroit, MI), overnight at 4°C. Single-
suspensions were obtained the next day and plated in 100-mm tissue
dishes (Corning, Corning, NY). Cultures were maintained in Dulbec
modified Eagle’s medium (DMEM, Gibco BRL) containing 10% (v/v) fe
bovine serum (FBS, Gibco BRL), 200 units/ml penicillin (Sigma, St. Lo
MO), and 0.1 mg/ml streptomycin (Sigma) at 37°C in humidified air con
ing 5% CO2. Cells were cultured until passage 3–4 and then plated in 60
tissue culture dishes (Corning). Cell density was adjusted to obtain un
confluence prior to treatment. Culture stocks were stored at280°C in DMEM
containing 20% (v/v) FBS and 10% (v/v) dimethyl sulfoxide (DMSO, Sigm

MeHg treatment. Working solutions giving final concentrations of 2,
and 6mM MeHg were prepared from 103-fold dilution of a 1 M methylmer-
cury(II) hydroxide stock solution (Alfa Aesar, Ward Hill, MA) using ste
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water (Baxter, Deerfield, IL). Subconfluent cells (passages 4–6) grown
night in 60-mm dishes were used for treatment. Sterile water was us
negative control while 50 nM colchicine (Sigma), a known G2/M inhibitor, was
used as positive control. For BrdU–Hoechst analysis, 5-bromo-29-deoxyuri-
dine (BrdU, Sigma), a nucleotide analog that is substituted for thym
during DNA synthesis, was added to cultures at a final concentration of 9mM.
The treated plates were placed in a light-tight Plexiglas chamber cont
water to maintain humidity, purged with 5% CO2/95% air for 10 min, an
incubated at 37°C for 24 to 48 h (Ponceet al., 1994). Treatment was conduc
in minimal light in a Class II Type B2 hood (Biochemguard, Baker
Sanford, ME).

Flow cytometry. After incubation, the MeHg-containing culture me
was removed and the culture dishes were washed with calcium- and m
sium-free phosphate-buffered saline (CMF—PBS, pH 7.2, Gibco BRL)
cells of residual MeHg. Cells were harvested using 0.05% (w/v) tryps
CMF–PBS containing 0.02% (w/v) EDTA (Fisher Scientific, Fair Lawn,
The cell pellet was then resuspended in either 400ml of 10 mg/ml 4,6-
diamidino-2-phenylindole (DAPI, Sigma) containing 10% (v/v) DMSO or
ml of 1.2 mg/ml Hoechst 33258 (Molecular Probes Inc., Eugene, OR) con
ing 10% (v/v) DMSO and 0.1% (v/v) Nonidet-P40 (Sigma) and gradu
frozen to220°C until analysis.

DNA content analysis using DAPI was performed as previously desc
(Reid et al., 1987, 1992) with some modifications. Briefly, thawed cells w
forced through a 25–5/8 gauge syringe needle (Becton-Dickinson an
Franklin Lakes, NJ) several times and then passed through a 40-mm wire mesh
filter (Small Parts, Miami Lakes, FL) to disaggregrate cells and to mini
clumps. Flow cytometry was performed on a Coulter Epics Elite flow cy
eter (Coulter Corporation, Miami, FL). Relative DNA content per cell
estimated by measuring the fluorescence of DAPI, a blue fluorescent d
binds stoichiometrically to DNA. A 20-mW UV laser (Innova 90–6, Coher
Palo Alto, CA) emitting 335 nm ultraviolet light and a 450/35 nm band
filter were used to excite and collect DAPI fluorescence. The flow rate
maintained at less than 300 cells per second and the data were collec
stored using Coulter Elite software version 4.01 (Coulter Corporation
minimum of 10,000 events per sample were analyzed. Clumps and do
were excluded from analysis by electronic gating, and the cell cycle dis
tion was quantified using MPLUS software (Phoenix Flow Systems,
Diego, CA).

BrdU–Hoechst analysis was performed according to established proc
(Rabinovitch, 1983, 1988). Fibroblasts were thawed and a 4mg/ml final
concentration of ethidium bromide (EB, Sigma), a red fluorescent dye
intercalates stoichiometrically in DNA, was added. Cells were then fo
through a 25–5/8 gauge syringe needle several times and then passed
a 40-mm wire mesh filter to eliminate clumps. Flow cytometry was perfor
in a Coulter Epics Elite flow cytometer using a UV laser emitting 335
ultraviolet light. A 450/35 nm band pass filter was used to collect the Ho
33258 fluorescence. Hoechst 33258 binds to AT-rich regions in DNA a
fluorescence is proportionally quenched as cycling cells incorporate
(Bohmer, 1979; Bohmer and Ellwart, 1981; Pootet al., 1990; Rabinovitchet
al., 1988). An air-cooled 15 mW argon ion laser (Cyonics, San Jose,
emitting 488 nm light was used with a 590 nm long pass filter to excite
collect EB fluorescence. The flow rate was maintained at less than 300 ce
second. Clumps and doublets were excluded from analysis by elec
gating. Cell cycle phase compositions were determined using electronic
as demonstrated in Fig. 3. Sub-G0/G1 cells were assumed to be apoptotic de
and excluded from the analysis. Samples were protected from light throu
the experiment.In vitro spectrofluorometry studies with isolated nuclei d
onstrated no direct effects of MeHg on dye fluorescence properties (u
lished observations).

Cytotoxicity assay. Cells treated with final concentrations of 2, 4, an
mM MeHg for 24 h were assessed for cell viability using a lactate deh
genase (LDH) release assay (Boehringer Mannheim, Indianapolis, IN)
death was quantified by measuring the activity of LDH released into the c
supernatant from the cytosol of damaged cells. Briefly, 50ml culture super
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119p21WAF1/CIP1 AND METHYLMERCURY
natant from each treatment group was aliquoted into separate wells
96-well flat-bottom microtiter plate (Falcon, Lincoln Park, NJ). The volum
each well was brought up to 100ml with sterile water and incubated with 1
ml of the reaction mixture containing diaphorase, NAD1, sodium lactate, an
tetrazolium salt INT (2-[4-iodophenyl]-3-[4-nitrophenyl]-5-phenyltetrazol
chloride) for 15 min, protected from light. Untreated cells were used as c
for spontaneous LDH release. Maximum LDH release was estimate
measuring the LDH activity in the supernatant of untreated cells lysed wi
Triton X-100 in culture media. The colorimetric reaction was quant
spectrophotometrically at 490 nm, using 690 nm as reference waveleng
microplate reader (Molecular Devices Corp., Palo Alto, CA). Spontaneou
death was assumed to be minimal relative to cytotoxicity induced by M
The percentage cell viability was calculated by subtracting percentage
toxicity from 100%.

Statistical analysis. Analysis of variance (ANOVA) was performed us
the General Linear Model (GLM) General Factorial procedure. Dose
genotype were treated as factors while the measured endpoint was des
as the dependent variable. Duncan’s multiple range test was used to e
the difference between specific means. Ap value # 0.05 was considere
statistically significant. All statistical analyses were performed using SPS
Windows Release 8.0.0 (SPSS Inc., Chicago, IL).

RESULTS

Dose-dependent MeHg-induced cytotoxicity.Primary
mouse embryonic fibroblasts (MEFs) plated at passages
were treated with 2, 4, or 6mM MeHg for 24 h. Cell deat
induced by MeHg was estimated by measuring the activi
the LDH released into the cell culture media (Fig. 1).
observed a concentration-dependent decrease in cell via
in all p21 genotypes after MeHg treatment. The decrease
cell viability upon exposure to 4 or 6mM MeHg was statisti
cally significant (p # 0.05) compared to the negative (u
treated) control as determined by ANOVA (General Facto
and Duncan’s multiple range test analyses. MeHg-ind
toxicity did not differ across the p21 genotypes.

MeHg induced a p21-independent increase in G2/M-phase
population. p21 transgenic embryonic fibroblasts (pass
4–6) were treated with 2, 4, or 6mM MeHg for 24 h and th

FIG. 1. Dose—response of primary MEFs of different p21 genotypes
MeHg treatment. Cultures (passages 4–6) of the indicated genotypes were
with 0, 2, 4, and 6mM MeHg for 24 h. Cytotoxicity was quantified using an LD
assay. Data (n 5 6) are presented as mean percentage cell viability6 SE. †Mean
significantly different (p # 0.05 from the negative control. No significant diff
ence in toxicity was observed between p21 genotypes.
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distribution of cells in different phases of the cell cycle (
G0/G1, S, and G2/M) was analyzed by DNA content-based fl
cytometry. Cells treated with 50 nM colchicine or sterile w
were used as positive and negative controls, respectively.
ysis was conducted by comparing the average fraction of
in each cell cycle phase as a function of MeHg concentr
and p21 genotype (Fig. 2).

A statistically significant increase (p # 0.05) in the propor
tion of G2/M-phase cells was observed upon treatment w
or 4 mM MeHg. The proportion of G2/M-phase cells increas
from 26.26 2.6% without treatment to 36.06 3.7% following
exposure of p21(1/1) cultures to 2mM MeHg for 24 h. The
proportion of G2/M-phase cells exhibited a comparable-
crease from 24.86 2.6 to 35.16 3.4% in p21(1/2) cultures
and 28.46 1.7 to 41.56 3.5% in p21(2/2) cultures, afte
treatment with 2mM MeHg for 24 h. These increases in
proportion of G2/M phase in response to MeHg were
statistically different between the p21 genotypes. Wherea
proportion of G2/M-phase cells increased relative to cont
following exposure to 2 or 4mM MeHg, cells exposed to 6mM
MeHg for 24 h did not show a significant increase in
proportion of G2/M-phase cells compared to controls in a
p21 genotype.

As the fraction of the G2/M cell population increased up
treatment with 2 or 4mM MeHg, we observed a concomita
decrease in both G0/G1- and S-phase fractions. After 24 h
BrdU labeling, untreated p21(1/1) cells had 58.56 3.2% in
the G0/G1 phase and 15.26 1.1% in the S phase. Aft
treatment with 2mM MeHg for 24 h, the fraction of p21(1/1)
cells in G0/G1 decreased to 52.86 4.4% and the S-pha
population decreased to 11.26 0.8%. Similar trends we
observed upon MeHg exposure of p21(1/2) and p21(2/2)
cells. As expected, cultures exposed to 50 nM colch
accumulated in G2/M within 24 h of exposure, consistent w
the known inhibitory effects of colchicine on the mitotic sp

FIG. 2. Effect of MeHg on the G2/M-phase population of primary MEF
of different p21 genotypes. Cultures (passages 4–6) of the indicated gen
were treated with 0, 2, 4, and 6mM MeHg for 24 h. Cells were harvested a
analyzed based on DNA content using DAPI by flow cytometry (n $ 5).
†MeHg treatment groups significantly different (p # 5) relative to negativ
control (untreated cells). No significant difference in the proportion of G
phase cells was observed between p21 genotypes.
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120 MENDOZA ET AL.
dle. The proportion of G2/M-phase cells following exposure
50 nM colchicine was comparable to that observed with e
2 or 4 mM MeHg.

MeHg inhibited cell cycle progression partially depend
on p21. To further evaluate the effects of MeHg on c
cycling, we performed bivariate BrdU–Hoechst flow cytom
ric analysis. The BrdU–Hoechst quenching method allow
monitoring of the proliferative history of cells over multip
rounds of cell proliferation. This ability to examine the pro
erative history of specific cells arises from both the continu
BrdU labeling, which leads to BrdU accumulation in DNA
proportion to the number of rounds of DNA synthesis that h
occurred during the labeling period, and from the observ
that DNA regions where thymidine has been substitute
BrdU cannot be labeled by the bisbenzimidazole dyes Ho
33342 or 33258 (Bohmer, 1978; Kubbies and Friedl, 19
Because BrdU for thymidine substitution occurs during D
synthesis, there is a stoichiometric ‘‘quenching’’ effect
Hoechst fluorescence proportional to the amount of B
incorporated into newly synthesized DNA (Kubbies and Fr
1985; Lattet al., 1977).

Asynchronous primary embryonic fibroblasts transgen
p21 were exposed continuously to 90mM BrdU and 2, 4, or 6
mM MeHg for up to 48 h to allow completion of at least o
cell cycle. An example flow cytogram demonstrating the e
tronic gating used in the bivariate BrdU–Hoechst analys
presented as Fig. 3. Representative flow cytograms of biv
BrdU–Hoechst analysis of MeHg-treated p21(1/1) and
p21(2/2) MEFs are presented in Fig. 4; cytograms of cult

FIG. 3. Example of electronic gating used in flow cytometric bivar
analysis of MEFs stained with Hoechst 33258 and ethidium bromide
continuous labeling with BrdU. Cells in various cell cycle phases are la
as follows: G0/G1, cells remaining in G0/G1 over the BrdU labeling perio
G2/M

0, cells remaining in G2/M throughout the BrdU labeling period; G2/M
1,

cells reaching G2/M from G1 over the labeling period; and G1
2, cells complet-

ing one round of cell proliferation over the BrdU labeling period. d, cell de
Gating and data analysis were performed using the MPLUS cell cycle an
software.
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treated with 2mM MeHg were similar to the negative cont
and are therefore not shown. Because Hoechst staini
inversely proportional to BrdU incorporation, cells in G2/M
will have the highest Hoechst fluorescence; these cell
labeled G2/M

0 in Figs. 3 and 4. Cells remaining in G0/G1

during the BrdU labeling period are labeled G0/G1, and un-
treated p21(1/1) and p21(2/2) cells that were able to com
plete one cell cycle during the BrdU labeling period are lab
G1

2 in Figs. 3 and 4.
Figure 3 demonstrates the electronic gating used to eva

the EBUS Hoechst 33258 bivariate flow cytograms. Inspe
of the BrdU–Hoechst cytograms revealed some differenc
cell proliferation and response to MeHg exposure across
genotypes. For example, compared to untreated controls
4A and 4D), treatment of p21(1/1) cells with either 4 or 6mM
MeHg for 24 h (Figs. 4B and 4C, respectively) or treatmen
p21(2/2) cells with 6mM MeHg for 24 h (Fig. 4F) inhibite
cell cycle progression in all cell cycle phases. This cell c
block was demonstrated by the lack of S-, G2/M

1-, and G1
2-

phase cells and the persistence of cells in G2/M
0. Compared t

untreated controls (Fig. 3D), the reduced appearance of1
2-

phase cells following treatment of p21(2/2) cells with 4mM
MeHg suggests a reduction, but not a block, in cell c
progression (Fig. 4E).

During 48 h of culture, untreated p21(1/1) and p21(2/2)
cells continued cell cycling and reached G2/M

2 (Figs. 4G and
4J, respectively). The accumulation of p21(2/2) and
p21(1/1) cells in G2/M

1 at 48 h suggests persistent mito
inhibition by exposure to 4mM MeHg (Figs. 4H and 4K
respectively). Whereas p21(2/2) cells treated with 6mM
MeHg for 48 h were able to proceed to G2/M

1 (Fig. 4L),
p21(1/1) cells remained blocked in all cell cycle phases
were not able to progress through the cell cycle (Fig. 4I)

Quantitative analysis of cell cycle progression was asse
by estimating the fraction of cells completing one cell cy
during the culture period and reaching G1

2 (Fig. 5). As shown
MeHg induced a dose-dependent inhibition of cell cycle
gression at both 4 and 6mM after 24 and 48 h in all genotyp
(p # 0.05). After 2mM MeHg treatment for 48 h, a high
fraction (12.96 2.0%) of p21(2/2) cells was able to reac
G1

2 compared to the p21(1/1) cells (6.0 6 2.2%). This
difference in ability to complete one round of cell division m
be attributed to defective checkpoint control in the p21(2/2)
cells (e.g., Denget al., 1995). Statistical analysis (p # 0.05) of
the G1

2 accumulation of p21(2/2) cells relative to doses
MeHg after 24 and 48 h demonstrated a significantly diffe
response compared to the p21(1/1) and p21(1/2) cells.

Cells remaining in G0/G1 did not show a significant chan
in proportions upon MeHg treatment, however, the percen
of cells in G0/G1 significantly differed among the p21 gen-
types. For example, 32.06 7.0% of p21(1/1) cells were in
G0/G1 at baseline (24 h) compared to 19.96 10.2% of
p21(1/2) cells and 42.26 7.4% of p21(2/2) cells. A similar
pattern was seen after 48 h, although the proportion of ce

er
d

.
sis



om

le
op

ssary
nt
e

,
g

ages 4–6)
ethidium
h

of
d. d,

121p21WAF1/CIP1 AND METHYLMERCURY
G0/G1 decreased in all p21 genotypes, indicating that s
fraction of the cells started cycling between 24 and 48 h.

DISCUSSION

Gene products such as p21WAF1/CIP1 that function as cell cyc
checkpoints maintain cellular integrity and ensure the pr

FIG. 4. Bivariate Hoechst vs ethidium bromide flow cytograms of M
were treated with 0, 4, or 6mM MeHg and continuously labeled with BrdU
bromide. Representative cytograms of p21(1/1) after 24 (A—C) and 48 h (
(J—L) are also shown. Cells in various cell cycle phases are labeled a
remaining in G2/M throughout the BrdU labeling period; G2/M

1, cells reachi
cell proliferation over the BrdU labeling period; G2/M

2, cells reaching G2/M a
cell debris.
e

er

completion of each stage in cell cycle progression nece
for normal growth (Shackelfordet al., 1999). In the prese
study, we used a transgenicin vitro system to evaluate th
effect of partial (1/2) and complete (2/2) loss of p21
relative to the wild type (1/1) genotype, on the cell cyclin
inhibition induced by MeHg.

The kinase inhibitor p21 functions as a G2 checkpoint by

g-treated MEFs of different p21 genotypes. Asynchronous MEFs (pass
24 or 48 h. Cells were harvested and stained with Hoechst 33258 and
I) of treatment are presented. p21(2/2) MEFs treated for 24 (D—F) and 48

llows: G0/G1, cells remaining in G0/G1 over the BrdU labeling period; G2/M
0, cells

2/M from G1 over the labeling period; and G1
2, cells completing one round

r completing one round of cell proliferation over the BrdU labeling perio
eH
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G—
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binding to cyclin B1–cdc2 complexes, which are integral in
G2/M transition (Barbouleet al., 1999; Dulic et al., 1998)
Binding of p21 to PCNA has also been reported to result i2
arrest (Cayrolet al., 1998). Ponceet al.(1994) have previous
shown G2/M inhibition after exposure of primary rat fetal CN
cells to MeHg. Our results were consistent with this prev
study and we further show that the G2/M accumulation induce
by MeHg was independent of p21 (Fig. 2). An increase in
proportion of cells in G2/M was observed at 2 and 4mM MeHg
treatment (p # 0.05), but there was no difference among
p21 genotypes within each treatment group. Although M
exposures of 2 or 4mM inhibited cell cycling in G2/M, there
was no significant change relative to untreated controls i
percentage of G2/M-phase cells upon exposure to 6mM MeHg
in any p21 genotype (Fig. 2). The observed G2/M-phase inhi-
bition by 2 and 4mM, but not 6mM MeHg may be explaine
by the observed cell cycle inhibition across all cell cycle ph
upon exposure to 6mM MeHg (Fig. 4) and suggest that c
cycle control may be overwhelmed at 6mM and cell death i
favored. Complete inhibition of all cell cycling has been
served in primary rat neuroepithelial cell cultures exposed
mM for 24 h (Ponceet al., 1994) and in murine erythroleuk
mic cells exposed to 10mM MeHg for 6 h (Zuckeret al.,
1990).

Results from BrdU–Hoechst analyses suggest that p
partially involved in the observed MeHg inhibition of c
cycle progression (Figs. 4 and 5). In contrast, DAPI ana
suggest that the G2/M accumulation induced by MeHg is n

FIG. 5. Effect of MeHg on cell cycle progression of MEFs of differ
p21 genotypes. Asynchronous cells (passages 4–6) were treated with
and 6mM MeHg and labeled with BrdU for 24 (A) and 48 h (B). Cells w
harvested and then stained with Hoechst 33258 and ethidium bromid
fraction of cells (n $ 3) reaching second round G1 (G1

2) after 24 and 48 h o
MeHg treatment is shown (mean6 SE). †Statistically significant differenc
(p # 0.05) relative to control untreated cells were observed across M
exposure groups. *Statistically significant differences (p # 0.05) relative to
control untreated cells were observed across p21 genotype status.
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dependent on p21 status (Fig. 2). These results sugg
complex relationship between p21 and other cell cycle re
tors in the control of cell proliferation following exposure
MeHg. Passage through G1 has been previously shown to
prevented by p21 through inhibition of cyclin E–CDK2 co
plexes (Stewartet al., 1999). In our study, we observed
higher fraction of p21(2/2) cells reaching the second rou
G1 (termed G1

2 in Fig. 4) compared to both p21(1/1) and
p21(1/2) cells (Fig. 5). This may be attributed to the par
loss of the cell cycle checkpoint control in p21(2/2) cells
resulting in a higher rate of progression through the cell c
(Deng et al., 1995) and greater leakage through cell c
checkpoints. We did not observe a complete abrogation o
G1 or G2 checkpoints in the MeHg response of p21(2/2) cells;
this may be due to possible involvement of other redun
pathways that ensure proper G1 control such as those media
by p16 and p27 (Shackelfordet al., 1999).

Transition from one cell cycle phase to another is contro
by CDKs and is regulated by the interaction of these kin
with various cyclins and specific inhibitors, and by intracell
localization. p21WAF/CIP1 belongs to the Cip family of kinas
inhibitors (Sherr, 1995). Cell cycle control by CDK inhibito
and cyclins depends on the protein content in each cell
phase, which is regulated by both transcription and proteo
Proteolysis involves an ATP-dependent activation of ubiq
by a ubiquitin-activating enzyme (E1 enzyme), formation of a
E1–ubiquitin thiol ester, and transfer of ubiquitin to the pro
selected for degradation (Udvardy, 1996). The 26-kDa pro
some involved in this cell cycle proteolysis has been show
be dependent on Ca21 (Santellaet al., 1998). MeHg has bee
found to decrease intracellular ATP and to elevate intrace
calcium levels (Kauppinenet al., 1989; Sarafian and Verit
1993). One focus of our study has been on the effect of M
on transcription of cell cycle-related genes. Proteolysis is
other pathway of cell cycle regulation by which MeHg m
exert its effects on cell cycle inhibition.

The CDKs, a well-conserved family of serine/threonine
tein kinases, exert control over the cell cycle through regu
protein phosphorylation (Arellano and Moreno, 1997). Me
has been shown to affect protein phosphorylation (Kawa
et al., 1987; Sarafian and Verity, 1990a, b, 1993; Yagamet
al., 1994) and kinase activity (Sarafian and Verity, 19
MeHg has also been shown to have a high affinity for pro
sulfhydryl groups (Hughes, 1957), which play a role in di
fide bond formation crucial in stabilizing the protein terti
structure. Hence, MeHg effects on protein phosphorylation
protein stability are likely modes of MeHg interference
normal cell cycling. MeHg may cause DNA damage resu
in strand breaks (Bettiet al., 1993; Costaet al., 1991), thoug
its cytotoxicity likely limits its potency as a carcinogen
mutagen.

Results from the present work demonstrate a concentra
and time-dependent G0/G1 and G2/M inhibition induced by
MeHg in MEFs. Vogelet al. (1986) reported a similar findin
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in normal human fibroblasts, where they observed a prolo
G1 after exposure to 3mM MeHg for 21 h and a G2/M arres
after longer exposure. We have shown a similar increase
G2/M proportion after treatment with 2 and 4mM MeHg and
50 nM colchicine in all p21 genotypes. This suggests sp
disturbance, which is a known mechanism of action of co
cine, as a possible pathway for MeHg-induced mitotic dysf
tion (Miuraet al., 1978; Ponceet al., 1994; Rodieret al., 1984;
Wasteneyset al., 1988). MeHg binding to cysteine residues
tubulin has been suggested to block microtubule asse
(Sager and Syversen, 1986). Because MeHg binds to tu
dimers at stoichiometric ratios (Vogelet al., 1985), it is pos
sible that, at low concentrations of MeHg, some microtub
are still able to assemble into a functional mitotic appar
and, thus, some fraction of cells are still able to cycle. Voget
al. (1985) have previously reported that polymerization
crude rat microtubules exposed to 1mM MeHg are only 4%
inhibited. There were less pronounced MeHg effects on
transgenic MEFs in G0/G1, than G2/M, which may be due t
higher sensitivity of microtubules in dividing cells than int
phase microtubules (Wasteneyset al., 1988).

In addition to direct tubulin depolymerization, MeHg m
alter tubulin polymerization status indirectly through m
chondrial dysfunction, resulting in low intracellular ATP a
possibly, elevated intracellular calcium levels (Kauppineet
al., 1989). Decreased ATP levels may affect spindle elong
during anaphase and microtubule assembly, which req
GTP (Onfelt, 1986). Intracellular levels of calcium may m
ulate microtubule polymerization and stability through di
association with tubulin and via calcium-dependent phosp
ylation of microtubule-associated proteins (Nicoteraet al.,
1992; Onfelt, 1986). Thus, MeHg may exert both direct
indirect effects on the spindle apparatus important in the
cycle machinery.

Our estimation of the fraction of cells completing one ro
of cell division required judgment about where to set
electronic gates (as shown in Fig. 3). This gating was pa
ularly challenging because of the relatively broad coefficie
variation of cells in any given phase of the cell cycle along
the Hoechst and ethidum bromide axes, which is an inh
difficulty of this type of analysis with fibroblastic cells. T
electronic gating was conducted so as to split the tro
between concentrations of cells and used the G0/G1 and G2/M

0

peaks to anchor the analysis of G1
2 and G2/M

1 cells. It is likely
that there was some spillover of S-phase cells into the G2/M

1

population and debris into the G1
2 population. The effect o

this contamination is difficult to estimate, but sensitivity a
yses we conducted to examine the effect of minor variatio
the electronic gating suggested no qualitatitve differenc
the conclusions reached in this report and error in the po
tion estimates of 10–15% or less.

We evaluated the effect of MeHg on cell viability using
LDH release assay to quantify cell death resulting from M
exposure. We chose a cell death assay instead of a liv
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assay to circumvent possible confounding by the higher ra
cell proliferation in the null genotypes that may mask the
magnitude of cytotoxicity. The cytotoxicity observed at
experimental doses was relatively low compared to thos
served in other previous studies (Ponceet al., 1994; Sarafia
and Verity, 1990a), which may be due to differential sensit
of the cell systems and assay endpoint. Sageret al.(1984) have
observed resistance of fibroblasts to MeHg-induced mic
bule disruption compared to neuroblastoma cells expos
similar concentrations. LDH is a cytoplasmic enzyme th
rapidly released into the cell culture supernatant upon da
to the plasma membrane. Cells undergoing apoptosis,
cially during the early stages in which the cell membrane is
intact, may not be captured by the LDH release assay. Sh
et al. (1997) have reported that human T-cells exposed to
mM MeHgCl undergo apoptosis. Saneet al.(1999) have show
arrested cells in G1 exit the cell cycle and proceed to cell de
through necrosis. Therefore, the effect of MeHg on cell
liferation may be a combination of cell cycle inhibition and
death. To further elucidate this, multiparameter flow cytom
may be employed combining apoptosis, necrosis, and
content-based cell cycle analysis.

Results from the present study support current knowl
about the mechanism of MeHg toxicity, particularly on
cycle inhibition as a possible cause of decreased neuron
counts previously observed in the brains of infants and an
exposed to MeHgin utero.Our data also suggest other poss
underlying factors contributing to cell cycle regulation in
sponse to MeHg. The present work may also provide ins
that will allow more accurate assessment of risk for spe
subpopulations of individuals with particular genetic susc
bilities. In vivo studies, evaluation of other cell cycle prote
and regulation pathways, and cell death (apoptosis v
necrosis) experiments will provide additional information
the further understanding of the effects of MeHg on
proliferation.
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